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In this paper we analyze the theoretical limits of a metamaterial converter that allows for linear-to- 
elliptical polarization transformation with any desired ellipticity and ellipse orientation. We employ 
the transmission line approach providing a needed level of the design generalization. Our analysis 
reveals that the maximal conversion efficiency for transmission through a single metamaterial layer 
is 50%, while the realistic reflection configuration can give the conversion efficiency up to 90%. 
We show that a double layer transmission converter and a single layer with a ground plane can 
have 100% polarization conversion efficiency. We tested our conclusions numerically reaching the 
designated limits of efficiency using a simple metamaterial design. Our general analysis provides 
useful guidelines for the metamaterial polarization converter design for virtually any frequency range 
of the electromagnetic waves. 



I. INTRODUCTION 

Metamaterials provide new exciting possibilities for 
light wave manipulations especially with operations on 
the wave polarization, which are on demand not only in 
the optical and microwave range, but also in the boom- 
ing field of terahertz (THz) science and technology, due 
to the natural limitations of the material properties. THz 
waves have high potential in communication systems, 
food quality control, defense, biomedical imaging and 
chemical spectroscopy [TH3]. For some THz applications, 
for example, magneto-optical spectroscopy [4], it is de- 
sirable to have a circularly or elliptically-polarized wave, 
while most THz sources generate linearly polarized radi- 
ation. 

There are two main routes to get the polarization ro- 
tation or conversion. The "phase" route is to introduce 
eigenwaves phase offsets in birefringent or gyrotropic me- 
dia with approximately equal transmitted amplitudes. 
The "amplitude" route is to play with transmission co- 
efficients for the eigenwaves letting the output to have a 
polarization state of the dominating eigenwave. The un- 
necessary polarization is then discriminated by the higher 
absorption and/or higher reflection of another eigen- 
state. Two illustrative examples of these routes in the 
THz range are an achromatic quarter-wave plate made 
from quartz [5] and a giant Faraday effect in an electron 
plasma in n-InSb semiconductor ;6>. Being broadband, 
these solutions, however, claim extended sizes (3 cm) of 
devices in the former case and intense magnetic fields of 
several tesla in the latter. 

In contrary to the aforementioned bulk devices, the 
metamaterials (metasurfaces, frequency selective sur- 
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faces) based solutions can be extremely compact, for ex- 
ample, a single thin layer can be enough to get the re- 
quired polarization state without external magnetic field. 
Several metamaterials-based polarization conversion de- 
vices have already been proposed, which can be tenta- 
tively grouped by the operational principle and configu- 
ration: birefringent polarizers [3 [8], transmission [9Tfl6] 
and reflection [T7H2T] polarizers based on resonant par- 
ticles or slits and chiral metamaterials |22H27| . Some of 
the proposed devices have drawbacks, for example, being 
based on resonant inclusions, apertures or meta-atoms 
they usually exhibit a narrow bandwidth or convert a 
linear polarization into the specific circular one. Never- 
theless, such big variety of converters' designs poses the 
question on whether the natural bounds for the conver- 
sion efficiency exist and how it is possible to approach 
them from the practical point of view. 

In this contribution we evaluate the theoretical limits 
of the efficiency of metamaterial-based polarization con- 
verters. We consider the case of conversion of a linear 
polarization into any elliptical one with a desired ellip- 
ticity and ellipse orientation. We employ the transmis- 
sion line theory, which proved to be useful in the theory 
of metamaterials |28j . Two principle experimental con- 
figurations are considered: reflection and transmission at 
normal incidence. We show that the conversion efficiency 
can be virtually as high as 50% for one transmission layer 
and up to full 100% for a polarization converter with two 
layers. In the reflection configuration even with only one 
layer conversion of up to 80 — 90% is feasible, while one 
layer with a ground plane can give 100% conversion with 
the relaxed requirements on the metamaterial unit cell 
design. Demonstration is exemplified on the THz range 
devices, as effective metamaterials circular polarizers are 
on demand there, but conclusions are general and can 
be extended to optical or microwave frequency ranges as 
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well. 

The paper is organized as following. After briefly men- 
tioning the idea of the elliptical polarization conversion 
in Section II, we perform the theoretical analysis of the 
metamaterial polarization converter with the help of the 
transmission line theory in Section III. The upper limits 
of the conversion efficiency are derived here. We optimize 
and numerically characterize few examples of the circu- 
lar polarizers designs in the transmission and reflection 
configurations in Section IV. Discussion and Conclusions 
Section ends up the paper. 

II. METHODOLOGY: ELLIPTICAL 
POLARIZATION 

As we mentioned in Introduction there are two princi- 
ple strategies to convert a linear polarization into an el- 
liptical one. Assume a wave propagating along the z-axis 
(Fig. 1) with amplitude Eq = 1 for simplicity. One way 
is to to use a bianisotropic metamaterial with two ellipti- 
cal eigenpolarizations, which have different absorption or 
reflection coefficients (elliptical dichroism). An incident 
linear wave splits into elliptical eigenwaves upon the inci- 
dence on a metamaterial slab, and the eigenwave with the 
higher transmission coefficient will manifest the output 
polarization. However, such polarization converter pro- 
vides at the output only a fixed specific elliptical polar- 
ization and a part of the wave intensity is lost by default 
in absorption or poor coupling (reflection). 




FIG. 1. Operation principle of the polarization converter. 
An incoming linearly-polarized wave is converted into an 
elliptically-polarized. Rotating the linear incoming polariza- 
tion with respect to polarizer (angle /3) we can obtain any 
polarization from linear to circular. Rotating the device to- 
gether with the input polarization (angle a) we can change 
the orientation of the output ellipse. 

Another strategy, which is more flexible, is to split 
the incoming wave into two nonparallel linearly polar- 
ized eigenwaves in a birefringent material. Assume the 
perfect transmission of both polarizations. The waves 
propagating with different phase velocities in the medium 
gain relative phase shift Acj>. At the output port we sum 
them up together. In general, an arbitrary angle between 
linear polarizations along with arbitrary A<p (except 
and 180°) results in an elliptical polarization [53]. From 



the practical point of view, however, the most convenient 
case is to use two orthogonal linear polarizations E x and 
E y with the phase shift Acj) = 90° (see Fig. 1). Then, 
being combined at the output, two waves 

E x — A x cos(wi), E v = A y cos(wi + A0), (1) 
give an elliptical wave described by the equation 

(INI)- < 2 » 

The principle axes of the ellipse in Eq. |2| are along 
the x— and y— directions. 

Introducing angle /3 between the linear incoming polar- 
ization and the x— axis (see Fig. 1) defines waves ampli- 
tudes A x ,A y and ellipticity k (we assume perfect trans- 
mission \t x \ = \t y \ = I for simplicity): 



A x = cos (3, A y = sin j3,k = = cot j3. (3) 

Ay 

Changing angle /? leads to the changes in both am- 
plitudes and ellipticity, but keeps the ellipse orientation. 
Rotating the polarizer and, therefore, the coordinate sys- 
tem xy connected to it, together with the incoming wave 
polarization with respect to the fixed coordinate system 
x'y' on angle a (see Fig. I) allows for changing the ellipse 
orientation. 

In such way we can obtain any elliptical polarization 
starting from linear [A x — or A y — 0) to circular (A x = 
Ay) with right or left rotation direction and with any 
ellipse orientation. We should note that in reality the 
transmission through a device cannot be 100% due to 
imperfections, but in order to cover the whole range of 
possible polarizations we just need the equality of the x— 
and y— polarized waves transmissions. 

III. TRANSMISSION LINE ANALYSIS 

The previous section gives the general strategy for ob- 
taining any elliptical polarization out of an incoming lin- 
ear one. Now we are looking for the guidelines for the 
polarizer design. It is desirable for the practical applica- 
tions (and also fabrication-wise) to have a thin device, so 
we assume that our polarization converter is a thin layer 
of a metamaterial with thickness H << A. 

To analyze the electromagnetic (optical) properties of 
the required metamaterial we employ the transmission- 
line (TL) approach [301 |3T]. In the TL theory an 
x— polarized plane wave propagating in dielectric with 
the refractive index n is equivalent to the fundamen- 
tal mode of a rectangular dielectric waveguide with the 
perfect electric(x— walls) and perfect magnetic (y— walls) 
boundaries. The relative (to the free-space impedance 
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Zq = 1207T Ohm) wave impedance r\ — \J Jb/e, where /j, 
and e are the relative magnetic permeability and electric 
permittivity of the material. For non- magnetic dielectrics 
fj, = 1, and 77 = 1/n. If we consider a plane interface 
between two non-magnetic dielectrics with refractive in- 
dices ri\ and n 2 , then the reflection r and transmission 
t coefficients of the normally incident plane wave are ex- 
pressed through the wave impedances 771 = 1/ni and 
r/2 = l/n 2 
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If we add a thin (much thinner than the wavelength) 
layer of a metamaterial with electrical impedance Zm 
at the interface between two dielectrics it will act as a 
shunt (Fig. [2]}). The equivalent normalized impedance 
of the shunt is t]m = (Zm /Zo)(a y /a x ) (Fig. [2Jd), where 
a x ,a y are the periods of the unit cell of the metamate- 
rial. The transmission t, reflection r, transmittance T 
and reflectance R of the wave normally incident from the 
left side are 
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FIG. 2. Reflection and transmission of a plane wave incident 
on the metamaterial interface between two dielectrics (a) is 
equivalent to reflection and transmission of the wave in the 
connected transmission lines with different impedances 771 and 
r/2 and shunted with a load t\m- In the lossless metamaterial 
a metallic wire along the electric field is an analogue of an 
inductor (c), while a dielectric gap between two metal parts 
is equivalent to a capacitor (d). 

In the extreme case of T)m = 00 (no metamaterial 
layer) expressions reduce to Fresnel's formulas |4]),([5]). If 



Vm = (short circuit, which is equivalent to a perfectly 
conducting mirror), we get t = 0, r = — 1. 

To design a metamaterial-based circular polarizer we 
target the equal transmittances/reflectances for x— and 
y— polarizations and phase difference Acp = 90°. First, 
we formulate the requirements on the metamaterial 
impedance t\m accordingly to formulas ([6|-([9|. Then 
we analyze transmittance and reflectance (depending on 
configuration) from the point of view of maximal values 
which can be obtained by adjusting impedances. Then 
we guess the geometry to get the designated r\u- The 
simple rules bridging the transmission line theory and 
optics are that the inductive impedance requires the em- 
ployment of a metallic wire along the electric field (Fig. 
[2J;), while the capacitive impedance means a dielectric 
gap between metallic parts (Fig. [2]i). Finally, the fine 
tuning of the design geometry is done with the help of 
numerical optimization in CST Microwave Studio [32 . 

We begin our theoretical analysis assuming that the 
metamaterial is made of a perforated perfect conductor 
film that is a fairly good approximation for metals in 
the microwave and THz range. Thus, the metamaterial 
impedance is fully reactive (pure imaginary) t]m = —ix, 
where x is an effective reactance. Since we use the optical 
notation for the time exponential exp(— iut), positive x 
means predominantly inductive impedance tjm — —icoL 
(x = u)L), while negative x = —l/(uiC) means predom- 
inantly capacitive impedance t\m = i/{ujC) . Then the 
transmission and reflection coefficients (6|9) are 
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where 7 = 771/772 = 77,2/711 and £ = 771 jx. 

The phases of reflected and transmitted waves are de- 
fined through the tangent functions: 



tan 4> t = — 
tan d> r = — 



1 + 7' 
2 7 



1 - 7 2 - e 



(14) 
(15) 



A. Metamaterial layer: transmission configuration 

Consider a single metamaterial layer in the transmis- 
sion configuration [71 1101 115] . From the requirement of 
equal transmittance T x = T y we find that the reactance 



4 



for the x— and y— polarizations should be equal in abso- 
lute values = \£ y \. Among the real solutions £ x = ±£ y 
the " + " solution leads to the same phase advance for 
both polarization, and, therefore, must be excluded. So, 
the only suitable solution is £ x — —^ y . That means in 
the simplest case that the impedance of the metamaterial 
should be inductive for one polarization and capacitive 
for another. 

Consequently, the transmission phase tangents 
tan<pt,x = — tan^t^. Since the phase difference 
should be 90°, the product of their tangents is 



tan i 



tan < 



%y 



= — 1. Therefore, tan 



t$ x = 1 and 



tan i 



1 + 7 



±1. 



(16) 



Let us, for certainty, select the positive solution for 
x— polarization then the negative solution will correspond 
to y~ polarization, thus reactances are 



&> = -£i, = (1 + 7). 
The transmittance is 



T = 



2" 



(1 + 7) 2 



(17) 



(18) 



The maximal value of transmittance T max — 0.5 can be 
reached for 7 = 971/572 = 1 (Fig- [3^), that means the 
metamaterial is placed between the same surrounding 
materials. Physically this means either a metallic mem- 
brane suspended in air |33j or a metamaterial coated with 
dielectric with the same refractive index as of the sub- 
strate. 
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FIG. 3. (a) The dependence of transmittance on 7 — 171/772 = 
712/711 shows that the maximal transmittance T = 0.5 is 
reached when 7=1. (b) Positive and negative £ of a meta- 
material is analogous to the high and low frequency filters, 
respectively. Being selected in an appropriate way, they can 
have equal transmittances and a phase difference 90° at the 
working frequency. 

A metamaterial satisfying this solution should exhibit 
inductive properties for x— polarization (metallic wires 
along the x— axis) and capacitive for y— polarization (di- 
electric gapes orthogonally to the y— axis). In the trans- 
mission line analogy this is a high-frequency filter for the 
x~ and low-frequency filter for the y— polarization (Fig. 



|3p) . In the simplest case such polarization converter can 
consist of a set of metallic stripes or wires along the x— 
axis. 



B. Metamaterial layer: reflection configuration 

Now we consider a single metamaterial layer in the re- 
flection regime [TJ) . Similarly to the transmission case 
reflectance for both linearly-polarized waves should be 
the same R x = R y . So, the reactances should be iden- 
tical in absolute values \£ x \ = \£ y \. Analogously to the 
transmission regime analysis we come to conclusion that 
£ x = —£ y , and then reactance £ x can be extracted from 
the expression for the reflection phase ( 15 ) 
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(19) 



which is a quadratic equation for £ x . Selecting the posi- 
tive sign for the x— polarization in equation (19), we ob- 
tain 



0. 



(20) 



The analysis of this quadratic equation reveals that 
there are no solutions for 7 > \/2, so it is not possible 
to reach the phase difference 90° between polarizations 
with any metamaterial. For 7 < v2 the solutions for 
reactances for both polarizations are 
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(21) 
(22) 



Ri 



R-2 



2 - 


-7- 


f V 72 


_ 7 2 


2- 


f 7" 


F V 2 - 


-7 2 


2 


-7 


-V 2 


-7 2 


2 


h 7 


-V 2 


-7 2 



(23) 
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are shown in Fig. [4] For both solutions reflectance is less 
than 0.5 for 1 < 7 < \/2. For 7 = 1 the first solution (|2l |) 



coincides with the maximal transmission solution (17 1. 
In this case the converter works simultaneously in re- 
flection and transmission regimes, giving 50% reflectance 
and 50% transmittance. 

Note, however, that the ratio 7 can be less than 1. It 
can happen if the second dielectric has smaller refractive 
index than the first one, so the incidence should occur, 
for example, through a high-dielectric substrate. With 
such impedances reflectance can be larger than 0.5, and 
even equal to 1 for 7 = 0. It is, however, not possi- 
ble to use such high-dielectric substrates due to natural 
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limitations on the material properties and also due to a 
poor wave in-coupling to a high-dielectric substrate from 
air. For a practically important case of a silicon sub- 
strate in air, 7 s» 0.3 that corresponds to the reflectance 
Ri 1=3 0.84 and R 2 ~ 0.36. So, in contrary to the trans- 
mission regime with the maximal polarization conversion 
up to 50%, it is possible to achieve larger power conver- 
sions in the reflection configuration. 




0,5 1,0 

FIG. 4. There are two solutions for 7 = 771/772 = H2/711 < v2- 
Both of them have reflectances less than 0.5 for 7 > 1 and 
can have large reflectance R ~ 1 for 7 < 1. Physically this 
means an incidence from the material with a refractive index 
ni » n 2 . 



of the reflection and transmission coefficients t\,r^ti is 
clear from Fig. [5] 
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Through a tedious analysis we found that equal trans- 
mittances for the x— and y— polarizations occur for the 
same condition for the metamaterial impedance tx = —£ y 
as for a single layer. 

The tangent of the transmission phase is 



tan c 



£(7 — sin$) 



7- j(l + 7 2 -C 2 )sin$ 



(29) 



The condition for the 90° phase difference tan <j> x tan <f> y — 
— 1 leads to a quadratic equation for £ x . It has two solu- 
tions 



C. Two metamaterial layers: 100% conversion 
efficiency in transmission 

The theoretical limit for the conversion efficiency for 
a single layer metamaterial is 50%. We can, however, 
expect larger efficiency applying two layers of metama- 
terial separated with a dielectric spacer [T31 HU GH] • 
Even very reflective mirrors arranged as a Fabry-Perot 
resonator can give transmittance close to 1. Let us con- 
sider a symmetric configuration shown in Fig. [5j namely, 
two thin identical metamaterial layers separated with a 
dielectric n 2 and having a dielectric n\ from the left and 
from the right. 
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FIG. 5. Two identical metamaterial layers separated with a 
dielectric form a Fabry-Perot resonator. 

The transmission through a Fabry-Perot resonator is 



t x t 2 exp(i$) 
f - r 2 exp(i2$) ' 



(25) 



where <£> = kon 2 H, H is the thickness of the dielectric 
spacer between metamaterial layers, n 2 is its refractive 
index, ko is the free-space wavenumber and the meaning 



tx,x = ~ty,i - 1 - 7 cot $ 4- v /2 4- 7 2 (l4-cot 2 $) (30) 
6e,2 = -fv.2 = 1 - 7 cot $ - ^/2 + 7 2 (l4-cot 2 $) (31) 
with the corresponding transmittances 
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T 2 



1 1 

2 (VI 4- 2w 2 - w) 2 ' 
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2 (Vl + 2w 2 4- w) 2 



(32) 
(33) 



where u> = sin$/7 = ^ sm(fco?i2-£0 = ^ sin(fcon2-ff). 

The transmittance for the second solution (Fig. [6| is 
always T 2 < 0.5. However, choosing the first solution it 
is possible to achieve the full transmission: Ti = 1 for 
w = l/\/2. That imposes the condition for the spacer 
thickness H 



sm(k n 2 H) = 7/V2 



n 2 



(34) 



In the case when n 2 jn\ > y2, there are no real so- 
lutions for Eq. (34), and it is not possible to achieve 
even theoretically the 100% transmittance. Such situa- 
tion can happen if the metamaterials layers are separated 
with a high refractive index dielectric. Nevertheless, by 
coating the metal layers with additional dielectric (see, 
for example the meanderline structure in [J) it is always 
possible to reduce the ratio 7 = n 2 jri\ and improve the 
transmission characteristics. 
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FIG. 6. There are two solutions for the metamaterial reac- 
tances. The first solution (30 1 can give the transmittance up 



to 100%, while the transmittance for the second solution (31 1 
cannot exceed 50%. 



For the case of the perfect ground plane the reflectance 
is unitary R = |r| 2 = 1 for both polarizations at any 
frequency. The wave has simply no other options than 
to be reflected. A tedious analysis of the reflection phase 
4> r shows that 



tan < 



2(£ + 7Cot$) 
(£ + 7C0t$) 2 - 1' 



(40) 



Requirement tan <p rjX tan (j) r ^ y — —1 ensures the 90° 
phase difference between polarizations. That leads to 
a parametric quadratic equation 



D. Metamaterial layer above ground plane: 
conversion efficiency in reflection 



100% 



Despite a larger conversion efficiency in the reflection 
configuration comparing to the transmission regime, the 
reflectance is not 100% (see Subsection B). Moreover, 
the incidence from the high-dielectric material side re- 
quires preliminary in-coupling to a substrate and there- 
fore some power backscattering. It is, however, possible 
to overcome these challenges and reach up to 100% re- 
flectance for the incidence from air by using a metal mir- 
ror (ground plane) below the metamaterial layer (Fig{7| 
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FIG. 7. Metamaterial layer above a ground plane has 100% 
reflectance for any metamaterial impedance. 

Physically such system is a kind of the Fabry-Perot 
resonator with a perfect mirror (r 3 = —1 = cxp(i7r)) and 
a metamaterial mirror (see Fig. [7|). The total reflectance 
from this system is [35 : 



r = r\ 



exp(-i2$) 



r 2 



(35) 



where $ = kon 2 H and the meaning of the reflection and 
transmission coefficients ri,ti,r 2 ,t 2 is clear from Fig. [7] 
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(36) 
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(41) 



where v x = £ x +7 cot $, v y = ^ y +7 cot $. This quadratic 
equation reduces to two independent cases of linear equa- 
tions 



(v x + l)(v y -l) = -2, 
(v x -l)(v y + l) =-2. 



(42) 
(43) 



So, for each specific v x there are two solutions that give 
the required converter functionality 
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It means that for any specific thickness H for any given 
x— polarization reactance ^ x there exists a real-valued y— 
polarization reactance £ y . Moreover, in contrary to all 
previous cases (transmission and reflection from a sin- 
gle metamaterial layer or transmission through a double 
layer), the reactances £ x and £ y are not obliged to be 
of different signs. They can be both positive or nega- 
tive. It is possible to use a fully inductive (or capacitive) 
metamaterial for both polarizations, for example, a two- 
dimensional wire grid (or patches). 

We note that, in principle, we have 4 variables that we 
can change in design: metamaterial impedances £ x and 
dielectric impedances ratio 7 and the thickness of the 
second dielectric H. The simplest tuning can be done by 
the dielectric thickness H optimization. An important 
question is whether there can be always found the value 
of H for any given pair of tx,ty 

For the first ( 42 ) and second ( 43 ) solutions we have 
equations for u = 7 cot $ 



(e e + l + ui)(C„-l + ui) = -2, (46) 
{tx-l + u 2 ){i y + l + u 2 ) = -2, (47) 



which have solutions 
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«i = 2 t-fe + &) ± V & " ^ + 2)2 ~ 8] ' (48) 
"2 = + £y) ± y/fo - & + 2) 2 - 8], (49) 

when conditions 

|£t " + 2| > 2^2, (50) 
+ 2| >272, (51) 

are satisfied. The graphical representation of allowed 
£ x , £ y is shown in Fig. [8] There are values of £ x , £, y 
corresponding to two or only one solution for u — 
7 cot(/co"-2-ff) and therefore for H . There are also ranges, 
where apparently no solutions exist. This result is ex- 
pected since for the case of equal impedances £ x = £ y no 
phase difference between polarizations can occur upon 
reflection. 
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with dielectric gaps in the a;— direction. To obtain more 
flexibility in the geometrical parameters we modified the 
stripes to the unit cell shown in Fig. [9j The geomet- 
rical sizes of the characteristic features, optimized for 
the highest possible transmission or reflection in all four 
regimes are presented in Table [I] We use the following 
designations: Tl - single metamaterial layer polarization 
converter in transmission; Rl - single metamaterial layer 
polarization converter in reflection; T2 - double metama- 
terial layer polarization converter in transmission and R2 
- single metamaterial layer polarization converter with a 
ground plane. 



(b) I 

(a) nj *^ n 2 




FIG. 9. (a) Metamaterial's unit cell design for polarization 
converter: view from top. Side view of the polarizer in the 
transmission (Tl) and reflection (Rl) single layer (b), trans- 
mission double layers (T2) (c) and reflection single layer with 
ground plane (R2) (d) configurations. 



FIG. 8. The graphical representation of the allowed pairs 
of metamaterial reactances £ x ,£, y that give a solution to the 
dielectric thickness H. The first and second solution are 
marked with vertical red and horizontal green lines, respec- 
tively. There exist areas where two, one and no solutions are 
possible. Solutions can be of the same sign. 



IV. SIMULATION RESULTS 

In order to test the abovementioned theoretical find- 
ings we developed several polarization converters based 
on the same unit cell geometry, aiming the THz frequency 
range around 1 THz. The simulations were done in CST 
Microwave Studio [32 . We applied the periodic (unit 
cell) boundary conditions in the x— and y— directions, 
and open space boundary conditions (perfectly matched 
layers) in the z— direction. We used silver described 
with the Drude model (eoo — 5,u p = 1.37 x 10 16 rad/s, 
7 = 1.6 x 10 13 Hz)) as metal and silica (n — 1.5) in most 
cases as dielectric. Only in the single layer reflection con- 
figuration we used silicon (n = 3.5). 

As we mentioned before, the simplest shape 
for the simultaneously x— polarization capacitive and 
y— polarization inductive metamaterial is a stripe grid 



TABLE I. Design parameters for the polarization converters 



Parameter Tl 


Rl 


T2 


R2 


a x (/xm) 


75 


60 


105 


30 


a y (fxm) 


75 


50 


65 


30 


L x (/jm) 


72 


55 


103 


18 


W x (fj,m) 


19 


10 


•50 


7.5 


W y (pm) 


30 


17 


40 


8 


T h 


1 


1 


1 


1 


H (jum) 






30 


55 



The numerical results for the transmit- 
tance/reflectance and phase difference between po- 
larizations for different designs (Tl, Rl, T2 and R2) are 
shown in Fig. [TUj For all designs we demonstrate the 
polarization conversion close to the theoretical maximum 
and the phase difference close to 90°. The double layer 
structure (T2) has the transmittance (Fig. flOh) almost 
twice as large as for the single layer (Tl) (Fig. 10 1). 
The mirror-based design R2 is, as expected, polarization 
insensitive and achromatic in the whole frequency range 
(Fig. [lOji). 

We should mention that both the transmit- 
tance/reflectance values and the phase difference 
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influence the conversion efficiency. To account for both 
influences and to determine the working bandwidth we 
used the approach established by Rahm et al. [T3 j. The 
figure-of-merit (FoM) for the converter, also known as 
flattening, shows how close the polarization ellipse is 
to a circle for the input linear polarization incident at 
45°. To calculate it one should get a normalized electric 
field vector at the output E = xt x + yt y exp(iA</>), 
where x and y are unit vectors in the corresponding 
directions. Then, to calculate the angle ip = arg(E 2 ) 
and vectors corresponding to ellipse's semi-axes 
ai = i£e(Eexp(— iip/2)) and a 2 = Jm(Eexp(— iip/2)). 
Eventually, FoM = 1 — (|a 2 |/|ai|) ±1 . Plus or minus 
should be chosen depending on whether ai or a 2 is the 
major semi-axis. The figure-of-merit close to shows 
that the polarizer works well. The working range is 
defined as the frequency range, where FoM < 0.2 [15] . 
The steepest phase difference profile is observed for the 
Rl design, what is reflected in the narrowest bandwidth 
(Fig. [lO^e)) . The broadest FoM is observed with the 
T2 design due to the flatness of the phase difference 
spectral profile. The main parameters of the polarizers: 
theoretical conversion efficiency (CEt), conversion 
efficiency extracted from simulations (CEs), bandwidth 
(Ai/) and relative bandwidth (Av re i = Az//lTHz) are 
presented in Tabic [TT] 



TABLE II. Parameters of the polarization converters. 



Design 


CEt 


CE S at 1 THz 


Ai> (GHz) Av rel 


Tl 


50% 


50% 


129 0.129 


Rl 


84% 


81% 


57 0.057 


T2 


100% 


94% 


273 0.273 


R2 


100% 


99.7% 


134 0.134 





1 n 
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c 




ro 
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H 





1,0 


£ 0,6 

S 0,4 
u 

£ 0,2 

£ 0,0 







r / 






0,6 0,8 1,0 1,2 1,4 

Frequency (THz) 















0,6 0,8 1,0 1,2 1,4 

Frequency (THz) 





1,0, 




0,8- 


u 
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0,6- 


4-» 
4-» 


0,4- 
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c 




ro 
i_ 


0,0- 
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■T >^ 



0,6 0,8 1,0 1,2 1,4 

Frequency (THz) 



1,0 

<D 0' 8 

1 0,6 
tj 0,4 
£ 0,2 

2 0,0 












0,6 0,8 1,0 1,2 1,4 

Frequency (THz) 





120, 








100- 




01 










80- 






< 






60- 











0,6 0,8 1,0 1,2 1,4 

Frequency (THz) 




0,6 0,8 1,0 1,2 1,4 

Frequency (THz) 



120 




0,6 0,8 1,0 1,2 1,4 

Frequency (THz) 




0,6 0,8 1,0 1,2 1,4 

Frequency (THz) 




-T 1 
-R 1 

-T 2 
-R 2 



0,9 1,0 1,1 

Frequency (THz) 



V. DISCUSSION AND CONCLUSIONS 

We have performed the general analysis of a meta- 
material based polarization converter capable to trans- 
form a linearly-polarized incident wave into elliptically- 
polarized with any desired ellipticity and ellipse orienta- 
tion. It is applicable to any thin-film (thickness wave- 
length) polarization converter with linear eigenpolariza- 
tions. We claim that a polarization converter should 
not necessarily be based on resonant particles (the res- 
onance usually means an increased absorption), i.e. de- 
tuned dipoles, resonant apertures, etc., but rather on spe- 
cial relations between impedances for eigenpolarizations. 
Such impedances can correspond to the resonant or non- 
resonant metamaterials. The latter case usually provides 
a broader operation bandwidth. Even though it is not 
possible to remove completely parasitic capacitance and 
inductance, so resonances always exist. However, by a 
proper design we can tune the metamaterial to the fre- 
quency far away from an undesirable resonance. 



FIG. 10. Transmittance/reflectance and phase difference for 
designs (a) Tl, (b) Rl, (c) T2, (d) R2 are close to the the- 
oretical maxima, (e) Figure of merit FoM < 0.2 shows the 
converter'sbandwidth, which is the largest for the transmis- 
sion through two metamaterial layers (T2) design. 



As soon as the clear identification of the impedances 
and geometrical parameters of elements exist it is not 
a problem to rescale the metamaterial polarization con- 
verter to virtually any range of electromagnetic waves. 
In particular, we have successfully checked the scaling of 
the Tl design up to the telecom frequencies. 

We have also showed numerically that a single type 
of the metamaterial unit cell can be used for any con- 
verter configuration: all four our designs Tl, Rl, T2, R2 
are based on the same type of a unit cell differing only 
by optimized values of characteristic features. The one- 
layer transmission configuration Tl has been proved to 
have theoretical limit of conversion efficiency 50%. Pre- 
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viously 50% QUI, 45% [7] and 44% [TS] were reported. 
The maximal reflectance approaches 80-90% for a sin- 
gle metamaterial layer with realistic dielectric proper- 
ties (silicon substrate), however the steep spectral de- 
pendence of the phase shifts reduces the working range of 
the polarizer. Resonant antennas system was reported to 
provide 40% in reflectance [TU]. We have demonstrated 
that a linear-to-circular polarization converter exhibits 
better performance (with the upper limit 100% trans- 
mittance or reflectance) when two metamaterial layers 
are involved. The broadest working range 273 GHz is 
found for the transmission double layer configuration T2. 
The reported results for the transmittance for such sys- 
tems (74% p3], 25% [H], 80% [7] and 50% [34]) can 
theoretically be improved. The case of the metamaterial 
above a ground plane can also be classified as double- 
layer system, since due to the presence of the mirror 
plate the wave passes twice through the metamaterial 
layer. Almost 100% conversion efficiency was reported: 
96% [2T], - 100% 20J and [17 . The important advan- 
tage of the reflection design with a ground plate is that 
the requirements for the impedances values are rather 
softened, which can facilitate greatly the design and fab- 
rication of the structure. Even though the transmission 
configuration is conventionally preferable for the real life 
experiments, we should note, that the reflection polarizer 
configuration can be easily converted into transmission 



11) 



one with the help of additional mirrors (Fig 

We believe that our general approach wil become a 
useful tool for the metamaterials based polarization con- 
verters design and development. 




FIG. 11. The reflection polarizer can easily be converted into 
the transmission polarizer with the help of additional mirrors. 
For that the metamaterial layer should preserve its function- 
ality for the incidence at small angles. 
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